Chronic treatment with calcitonin in osteoporotic patients alleviates the pain associated with this condition by an unknown mechanism. In ovariectomized rats that develop osteoporosis and hyperalgesia, we examined whether a functional change in serotonergic systems in the spinal dorsal horn was involved, using whole-cell recordings from substantia gelatinosa neurons in spinal cord slices and Calcitonin, a polypeptide hormone secreted from the parafollicular C cells of the mammalian thyroid gland (Munson, 1976; Potts and Aurbach, 1976) , is widely used clinically to improve bone mass in osteoporosis (Chesnutt et al., 1981; Gruber et al., 1984; Orimo et al., 1996) and also to relieve pain accompanying it. In the clinical treatment for pain, repeated injections of calcitonin to the periphery are required for ϳ1 month (Franceschini et al., 1983; Gennari and Agnusdei, 1988; Pontiroli et al., 1991) . Almost all of the experimental studies conducted until now have examined only the acute anti-nociceptive effects of calcitonin (Pecile et al., 1975; Yamamoto et al., 1979; Clementi et al., 1984; Spampinato et al., 1984; Guidobono et al., 1985 Guidobono et al., , 1986 Maeda et al., 1995) . One exception is the report that repeated systemic (subcutaneous) injections of calcitonin result in maintained anti-nociception in formalin-induced hyperalgesia in rats (Umeno et al., 1996) . However, the mechanisms underlying this action and the analgesic effect of calcitonin in osteoporotic patients remain unresolved.
Calcitonin, a polypeptide hormone secreted from the parafollicular C cells of the mammalian thyroid gland (Munson, 1976; Potts and Aurbach, 1976) , is widely used clinically to improve bone mass in osteoporosis (Chesnutt et al., 1981; Gruber et al., 1984; Orimo et al., 1996) and also to relieve pain accompanying it. In the clinical treatment for pain, repeated injections of calcitonin to the periphery are required for ϳ1 month (Franceschini et al., 1983; Gennari and Agnusdei, 1988; Pontiroli et al., 1991) . Almost all of the experimental studies conducted until now have examined only the acute anti-nociceptive effects of calcitonin (Pecile et al., 1975; Yamamoto et al., 1979; Clementi et al., 1984; Spampinato et al., 1984; Guidobono et al., 1985 Guidobono et al., , 1986 Maeda et al., 1995) . One exception is the report that repeated systemic (subcutaneous) injections of calcitonin result in maintained anti-nociception in formalin-induced hyperalgesia in rats (Umeno et al., 1996) . However, the mechanisms underlying this action and the analgesic effect of calcitonin in osteoporotic patients remain unresolved.
It has been demonstrated recently that ovariectomized (OVX) rats with osteoporosis exhibit hyperalgesia (using the tailwithdrawal test), which is alleviated by repetitive subcutaneous injections of elcatonin (eCT) ([Asu 1, 7 ]eel calcitonin) in a dosedependent manner (Shibata et al., 1998) ; this antinociception is significant only after 3-4 weeks of treatment. Because this result is very similar to the clinical effect of calcitonin in patients, this rat model seems appropriate for studying the antinociceptive mechanisms of eCT. In this model, eCT-induced anti-nociception was completely inhibited by the intraperitoneally injection of p-chlorophenylalanine, an inhibitor of serotonin (5-HT) biosynthesis (Shibata et al., 1998) . This observation is consistent with the fact that descending inhibitory serotonergic systems from the raphe nuclei in the brainstem contribute to pain modulation in the spinal cord (Yaksh, 1979; Zemlan et al., 1980; Xu et al., 1994) .
Much evidence has suggested that the substantia gelatinosa (SG) (lamina II) of the spinal dorsal horn plays an important role in the modulation of nociceptive transmission from the periphery to the CNS (Kumazawa and Perl, 1978; Cervero and Iggo, 1980; Fitzgerald, 1981; Brown, 1982) . Fine myelinated A␦-afferent and unmyelinated C-afferent fibers, many of which carry nociceptive information, terminate preferentially in the SG (Kumazawa and Perl, 1978; Sugiura et al., 1986 Sugiura et al., , 1989 Jessell, 1989, 1990) . From the action of p-chlorophenylalanine mentioned above, it seems possible that OVX rats exhibit an alteration in the 5-HT receptors normally involved in modulating nociceptive transmission to the SG. The abolition of hyperalgesia by chronic treatment with eCT might then be attributable to a reversal of 5-HT receptor plasticity. To investigate this possibility, the effects of 5-HT on excitatory transmission to SG neurons were examined in spinal cord slices obtained from sham-operated (Sham), OVX, or eCT-treated OVX (OVX ϩ eCT) rats using the blind whole-cell patch-clamp technique. We also studied whether or not [
3 H]8-hydroxy-2(di-n-propylamino) tetralin ([ 3 H]8-OH-DPAT) binding sites in the spinal cord differ in number between these three groups of rats.
MATERIALS AND METHODS
Animals. Female Sprague Dawley rats (7-week-old) were either ovariectomized bilaterally or sham-operated under anesthesia with ether. In the latter group, the ovaries were exteriorized but not removed. At 3 weeks after the operation, eC T (Asahi Chemical Industry Co., Shizuoka, Japan) or vehicle was administered for 4 weeks (20 U ⅐ k Ϫ1 ⅐ gm Ϫ1 ⅐ d Ϫ1 , s.c.; 5 times a week) to OV X rats that demonstrated hyperalgesia; Sham rats were injected with vehicle for the same period, as reported previously (Shibata et al., 1998) . All of the experimental procedures involving rats have been approved by the Saga Medical School Animal Use and C are Committee.
Slice preparations and electrophysiolog ical recordings. The methods used for obtaining spinal cord slices from Sham, OV X, and eC T-treated OV X rats were similar to those described previously (Yoshimura and Nishi, Blind whole-cell voltage-clamp recordings were made from SG neurons, as described previously (Yoshimura and Nishi, 1993; Yajiri et al., 1997; Kohno et al., 1999) . The patch pipette was filled with a solution having the composition of either (in mM): C s 2 SO 4 110, tetraethylammonium (TEA)-C l 5, C aC l 2 0.5, MgC l 2 2, EGTA 5, H EPES 5, Mg-ATP 5, and GDP-␤-S 1; or K-gluconate 135, KC l 5, C aC l 2 0.5, MgC l 2 2, EGTA 5, H EPES 5, and Mg-ATP 5. It had a resistance of 8 -15 M⍀. The GDP-␤-S and K ϩ channel blockers (C s ϩ and TEA) in the former solution were added to inhibit any postsynaptic effect of 5-HT resulting from the activation of G-proteins and to block activation of K ϩ channels by a postsynaptic effect, respectively. Signals were acquired with an Axopatch 200B amplifier (Axon Instruments, Foster C ity, CA). Data were low-pass filtered at 5 kHz, digitized at 333 kHz with an analog-to-digital converter, stored, and analyzed with a personal computer using pCL AM P version 6.0 and AxoGraph version 3.5 (Axon Instruments). Input resistance was determined in a potential range of Ϫ90 to Ϫ50 mV. The holding potential (V H ) used was Ϫ70 mV at which glycine-and GABA-mediated synaptic currents were invisible (Yoshimura and Nishi, 1993) . Stimuli (duration, 100 sec) to elicit EPSC s were given to the dorsal root at a frequency of 0.2 Hz via a suction electrode; the intensities used were 1.2-1.5 times the threshold required to elicit an EPSC in the most excitable A␦-or C -afferent fibers. A␦-fiber-or C -fiber-evoked EPSC s (eEPSC s) were distinguished on the basis of the conduction velocity of afferent fibers (C, Ͻ0.8 m /sec; A␦, 2-8 m /sec) and stimulus threshold (C, 160 -420 A; A␦, 10 -40 A), as described previously (Nakatsuka et al., 1999) . The A␦ or C responses, respectively, were considered as monosynaptic in origin when the latency remained constant during stimulation at 20 Hz (Nakatsuka et al., 1999) or when failures did not occur during stimulation at 1 Hz; these criteria were based on intracellular recordings of antidromic action potentials from dorsal root ganglion neurons (Nakatsuka et al., 2000) . Neurons from which recordings were made were identified as SG neurons under a binocular microscope in which the SG could be easily distinguished as a colorless band located in the superficial dorsal horn (Yajiri et al., 1997) . Because the border between laminae I and II and also that between laminae II and III were not determined with certainty, the patch electrode was inserted at the center of SG under visual control.
The drugs used were 5-HT creatine sulfate (Sigma, St. L ouis, MO), 8-OH-DPAT (Research Biochemicals, Natick, M A), WAY100635 (synthesized at Asahi Chemical Industry Co.), tetrodotoxin (TTX) (Wako, Osaka, Japan), and C NQX (Tocris Cookson, St. L ouis, MO); they were applied by superf usion in which a change in solution in the recording chamber was completed within 20 sec.
[ 3 H]8-OH-DPAT binding assay. Rats were killed by decapitation, and the lumbar spinal cord and all of the hippocampus were rapidly removed. The respective tissues from two or three rats were pooled, homogenized in 10 vol of ice-cold 10% sucrose, and centrif uged at 1000 ϫ g for 10 min. The supernatant was removed and f urther centrif uged at 31,000 ϫ g for 20 min. The pellet was homogenized in 10 vol of ice-cold 50 mM Tris-HC l, pH 7.4, and centrif uged at 31,000 ϫ g for 20 min. The pellet was homogenized in the same buffer and incubated at 37°C for 10 min to remove endogenous 5-HT. The suspension was then centrif uged as above, and the final pellet was resuspended in the same buffer and stored at Ϫ80°C until use.
The membrane suspensions were melted rapidly and were added to ice-cold binding buffer (50 mM Tris-HC l, pH 7.4, 10 M pargyline, 4 mM CaCl 2 , and 0.1% ascorbic acid). The mixtures were centrif uged at 40,000 ϫ g for 15 min, and the pellet was suspended in the binding buffer. Membrane solutions including the human 5-HT 1A receptor or the rat 5-HT 7 receptor were purchased from BioSignal (Montreal, C anada). Each of the membrane solutions was incubated in duplicate or triplicate with 10 nM [ 3 H]8-OH-DPAT (N EN, Boston, M A) at 30°C for 30 min (0.5 ml of total volume per tube). Nonspecific binding was defined with 10 M unlabeled 5-HT. The binding reaction was terminated by rapid filtration under vacuum through 0.3% polyethyleneimine presoaked GF/C filters. The filters were washed three times with 3 ml of the binding buffer. Radioactivity was measured with a liquid scintillation counter (TRI-CARB 2300TR; Packard, Meriden, C T). Protein concentration was determined by the DC protein assay kit (L owly's method; Bio-Rad, Tokyo, Japan). Displacement curves were analyzed by using a nonlinear regression analysis program, LIGAN D (Munson and Rodbard, 1980) .
Statistical anal ysis.
All results are presented as mean Ϯ SEM. Statistical significance was determined as p Ͻ 0.05 using t test (unless otherwise noted), Kolmogorov-Smirnov test, or ANOVA followed by Scheffe's test. In all cases, n refers to the number of neurons studied.
RESULTS
Data presented in this study were obtained from SG neurons of Sham, OVX, and OVX ϩ eCT rats (n ϭ 109, 119, and 88, respectively). Whole-cell patch-clamp recordings could be obtained from slices maintained in vitro for Ͼ12 hr, and stable recordings were made from individual SG neurons for up to 4 hr. As shown in Table 1 , resting membrane potential and input resistance did not differ between SG neurons in the three groups.
Postsynaptic effects of 5-HT
When examined using a K-gluconate patch-pipette solution, 40 M 5-HT superfused for 30 sec induced in SG neurons of Sham rats either outward or inward currents with peak amplitudes of 19.0 Ϯ 3.1 (n ϭ 13) and 12.6 Ϯ 2.2 (n ϭ 9) pA, respectively, at Ϫ70 mV (data not shown). SG neurons of OVX rats exhibited similar responses; the amplitudes of outward and inward currents were, respectively, 20.3 Ϯ 4.8 (n ϭ 16) and 13.5 Ϯ 2.1 (n ϭ 4) pA, values not significantly different from those of Sham rats (each p Ͼ 0.05). These slow 5-HT currents were not examined further because of this lack of difference.
5-HT receptors of various subtypes (Boess and Martin, 1994) are expressed within the spinal cord (Hamon et al., 1989; Marlier et al., 1991) ; in particular, binding sites for 8-OH-DPAT, an agonist specific to 5-HT 1A and 5-HT 7 receptors (Boess and Martin, 1994) , are localized in the superficial dorsal horn (laminae I and II) (Marlier et al., 1991) . Furthermore, 8-OH-DPAT applied to the spinal cord is known to modulate nociceptive transmission (Xu et al., 1994; Gjerstad et al., 1996) . When examined in SG neurons, 10 M 8-OH-DPAT evoked an outward but not an inward current (n ϭ 4), which was completely blocked by the selective 5-HT 1A antagonist WAY100635 (10 M; n ϭ 4) (according to binding studies, this drug has a dissociation constant for 5-HT 1A of 0.8 nM, a value less than that for 5-HT 7 by Ͼ74-fold or those for other subtypes of 5-HT 1 , 5-HT 2A , and 5-HT 3 by Ͼ500-fold; see Forster et al., 1995, and Gozlan et al., 1995) , suggesting the expression of 5-HT 1A receptors in postsynaptic neurons. These postsynaptic responses had disappeared later than 5 min after the establishment of the whole-cell configuration with a patch-pipette solution containing GDP-␤-S, Cs ϩ , and TEA, suggesting the involvement of G-protein-coupled K ϩ channels. Subsequent results were obtained after this time when there were no postsynaptic currents induced by 5-HT. 
(n ϭ 17) (n ϭ 68) (n ϭ 68) (n ϭ 68) OVX ϩ eCT Ϫ64 Ϯ 1 1012 Ϯ 101 13 Ϯ 1 9.1 Ϯ 0.5 3.9 Ϯ 0.1 (n ϭ 27) (n ϭ 28) (n ϭ 60) (n ϭ 60) (n ϭ 60) p by ANOVA 0.40 0.38 0.22 0.60 0.79
Effects of 5-HT on primary afferent-evoked EPSCs
We tested whether 5-HT affects responses evoked in SG neurons by dorsal root stimulation and whether its effect on evoked release differs between the Sham, OVX, and OVX ϩ eCT groups. In 73% of SG neurons tested, stimulating the dorsal root elicited monosynaptic EPSCs that were caused by the activation of A␦-and/or C-afferent fibers (see Materials and Methods); these were blocked by the non-NMDA receptor antagonist CNQX (10 M), as reported previously (Yoshimura and Jessell, 1990; Nakatsuka et al., 1999; Yang et al., 1999) . Figure 1 demonstrates the effects of superfusing 40 M 5-HT for 1 min on A␦-and C-fiber eEPSCs. In Sham rats, both eEPSCs were reversibly reduced in amplitude by 5-HT [to 61 Ϯ 8 (n ϭ 12) and 61 Ϯ 9% (n ϭ 11), respectively, of control for A␦-and C-fiber eEPSCs] (Fig. 1 A) . In OVX rats, on the other hand, A␦-fiber eEPSCs were inhibited by 5-HT to 64 Ϯ 5% (n ϭ 22) of control, as in the Sham group, whereas C-fiber eEPSCs were unaffected (Fig. 1 B) . This difference did not occur after treatment of OVX rats with eCT. In the latter case, 5-HT depressed both eEPSCs, as in the Sham group (Fig. 1C) . These effects are summarized in Figure 2 . The degree of inhibition of the A␦-fiber eEPSCs by 5-HT was almost the same in all three groups (Fig. 2, left panel ) , whereas inhibition of C-fiber eEPSCs was significantly less in the OVX group than in the Sham and OVX ϩ eCT groups ( p Ͻ 0.0001, ANOVA; Sham vs OVX, p ϭ 0.0003; OVX vs OVX ϩ eCT, p ϭ 0.0012, Scheffe's test) (Fig. 2, right  panel ) .
Effects of 5-HT on miniature EPSCs
In the presence of 0.5 M TTX, all SG neurons examined exhibited miniature EPSCs (mEPSCs), which were completely blocked by CNQX (10 M). The frequency, amplitude, and half-decay time of mEPSCs did not differ in magnitude between SG neurons in the three groups (Table 1) . In ϳ50% of SG neurons (n ϭ 64) examined of Sham rats, superfusion with 40 M 5-HT for 1 min produced inhibition followed by facilitation of mEPSCs (Fig. 3A) . The action of 5-HT was analyzed over two periods of 1 min starting 0.5 and 2.5 min after the onset of 5-HT application (termed 1st and 2nd phase, respectively). Figure 3 , B and C, demonstrates the cumulative distributions of the interevent interval and amplitude of mEPSCs, respectively. The frequency of mEPSCs in the 1st and 2nd phases was decreased and increased, respectively, by 5-HT (Fig. 3B) , whereas the cumulative probability of mEPSC amplitude was unaltered (Fig. 3C) , suggesting a presynaptic action. Furthermore, the kinetics of non-NMDA receptor channel appeared unaffected judging from the lack of difference in the decay phases of mEPSCs during the 1st and 2nd phases relative to control (Fig. 3D) . The effect of 5-HT on mEPSC frequency was variable from neuron to neuron; this frequency was either reduced or unchanged during the 1st Their amplitudes in control solution and after 1 min in 5-HT were determined from averages of 10 and 5 eEPSCs, respectively. The relative A␦-fiber eEPSC amplitudes were similar in Sham, OVX, and OVX ϩ eCT rats. In contrast, the relative C-fiber eEPSC amplitude was higher in OVX rats than in the other two groups (**p Ͻ 0.0001). The number of neurons examined is shown in parentheses.
phase (see Fig. 5A , top panel ) but was facilitated in the 2nd phase (see Fig. 5B , bottom panel ). These effects were the same in the absence of 0.5 M TTX (n ϭ 3), supporting the idea that 5-HT modulates transmitter release without any involvement of spontaneously active interneurons. Together, these results indicate that 5-HT initially inhibits and then facilitates the release of quanta, as reported previously for dorsal horn neurons in spinal cord slices of neonatal rats (Hori et al., 1996) . The variability in the actions of 5-HT on the frequency of mEPSC may be attributable to the fact that the SG contains different classes of neurons (for review, see Willis and Coggeshall, 1991) and that mEPSCs originate from terminals of not only primary afferent fibers but also of interneurons innervating SG neurons.
In slices from OVX rats, ϳ60% of SG neurons (n ϭ 68) examined responded to 5-HT by facilitation of mEPSCs with no preceding inhibition (Fig. 4 A) . This result indicates that the reduction in mEPSC frequency observed in Sham rats is eliminated after ovariectomy. This change in the action of 5-HT observed in OVX rats did not occur after chronic treatment of OVX rats with eCT (Fig. 4 B) , so that the action of 5-HT was restored to that observed in Sham rats by the eCT treatment. In both OVX and OVX ϩ eCT rats, as in Sham rats, the actions of 5-HT were attributable to changes in the frequency but not the amplitude of mEPSCs. Figure  5A summarizes the 5-HT-induced changes in frequency in the 1st phase in the three groups. The frequency of mEPSC was inhibited by Ͼ25% in 12 of 64 cells in the Sham group (Fig. 5A, top panel ) . In the OVX group, however, the frequency of mEPSC was facilitated by Ͼ35% in 21 of 68 cells; the remaining cells did not exhibit a change (of Ͼ35%) in the frequency (Fig. 5A, middle panel ) . In slices from the OVX ϩ eCT rats, 7 of 60 cells exhibited inhibition (of Ͼ25%) in the 1st phase (Fig. 5A, bottom panel ) , which was similar to the result in Sham rats. The percentage of cells showing inhibition of Ͼ25% was similar between the Sham (19%) and OVX ϩ eCT groups (12%); these values were quite distinct from that (0%) in the OVX group. Furthermore, the average of the relative mEPSC frequency in the 1st phase to that in the control was significantly greater in the OVX than in the other two groups ( p Ͻ 0.0001, ANOVA; p Ͻ 0.0001 for each of Sham vs OVX and OVX vs OVX ϩ eCT, Scheffe's test) (Fig. 5B, top panel ) , whereas that in the 2nd phase did not differ between the three groups ( p Ͼ 0.05, ANOVA) (Fig. 5B, bottom panel ) Thus, the increase in mEPSC frequency after ovariectomy was hardly present in the rats that had been treated with eCT, whereas their facilitation during the 2nd phase was similar in all groups. This implies that the facilitation was not simply an effect of ovariectomy. It seems that facilitation of mEPSC frequency normally occurs at the same time as inhibition of mEPSC frequency during the 1st phase and that ovariectomy is followed by downregulation of the inhibitory action unveiling facilitation during the 1st phase.
When examined in a neuron in which mEPSC frequency was increased by 5-HT, primary afferent eEPSCs were never enhanced in amplitude by 5-HT (n ϭ 20). Therefore, the facilitation of mEPSC frequency may be explained by 5-HT acting on the terminals of interneurons innervating SG neurons but not on terminals of primary afferent fibers. Alternatively, it is likely that spontaneous and evoked release are affected differently by 5-HT, because each of the releases in the SG is suggested to be mediated by different types of Ca 2ϩ channels (Bao et al., 1998) . With respect to primary afferent eEPSCs, the inhibition of C-fiber but not A␦-fiber eEPSCs by 5-HT was mimicked by 10 M 8-OH-DPAT (amplitude, 51.4 Ϯ 23.5% of control; n ϭ 3), and this The periods of time indicated by two open column bars (each of which has a duration of 1 min) were defined as 1st and 2nd phase (which started 0.5 and 2.5 min after the beginning of 5-HT perfusion, respectively). Three bottom records, Consecutive traces of mEPSCs in the control (left), 1st phase (middle), and 2nd phase (right) for a period indicated by a bar shown below the chart recording, which are shown in an expanded scale in time. mEPSC facilitation after 5-HT perfusion lasted for Ͼ150 sec (only part is shown) . B, C, Cumulative probabilities of the interevent interval ( B) and amplitude of mEPSCs ( C), in the control (continuous line), 1st phase (dotted line), and 2nd phase (dashed line), which were, respectively, obtained by analyzing 414, 191, and 670 mEPSC events, each of which occurred for 1 min. The difference in interevent interval was significant between the control and 1st phase and also between the control and 2nd phase (each p Ͻ 0.0001, Kolmogorov-Smirnov test); on the contrary, there was no difference in amplitude between the groups. D, Averaged mEPSCs in the 1st and 2nd phase (dotted and dashed lines, respectively), which were normalized in amplitude to that in the control (continuous line). Data in A-D were obtained from the same neuron; V H of Ϫ70 mV. Figure 4 . Effects of 5-HT on mEPSCs in SG neurons of OVX and OVX ϩ eCT rats. A, B, Continuous chart recordings of mEPSCs in the OVX and OVX ϩ eCT rat, respectively, in which 5-HT (40 M) was superfused for 1 min. Note that the mEPSC inhibition in the 1st phase seen in Figure 3A was absent in A but was present in B; mEPSC facilitation in the 2nd phase was seen in both A and B. V H of Ϫ70 mV.
inhibitory action was not blocked by 10 M WAY100635 [when examined in the same neuron (n ϭ 2), 22.7, 22.0% and 22.0, 15.9% of control in the presence and absence of the antagonist, respectively], indicating that the 8-OH-DPAT action is mediated by a 5-HT receptor that is unlikely to be sensitive to WAY100635. The pharmacology of 8-OH-DPAT binding was investigated further by measuring the expression of 5-HT receptors, especially in the spinal cord.
Density of [ 3 H]8-OH-DPAT binding sites
The curves in Figure 6 A demonstrate the displacement by WAY100635 of 10 nM [ 3 H]8-OH-DPAT binding to membranes prepared from spinal cord and from hippocampus in Sham rats, and also to membranes of Chinese hamster ovary (CHO) cells expressing the human 5-HT 1A receptor and of Sf9 cells expressing the rat 5-HT 7 receptor.
[ 3 H]8-OH-DPAT binding to spinal cord membranes was partially inhibited by WAY100635, and this inhibition was not completed, even at a high concentration (10 M); the dose dependency was not monophasic (Fig. 6 A) . On the other hand, WAY100635 reduced [ 3 H]8-OH-DPAT binding to hippocampal membranes in a monophasic manner, and this was completed at 1 M. In addition, [
3 H]8-OH-DPAT bindings to the cloned 5-HT 1A and 5-HT 7 receptors were reduced in a monophasic manner by WAY100635, and these were completed at 10 M. Thus, the bind- Hatched and closed bars show the numbers of neurons exhibiting a decrease (of Ͼ25%) and increase (of Ͼ35%) in mEPSC frequency, respectively. B, Average frequencies of mEPSC s in the 1st (top) and 2nd (bottom) phase relative to that in the control (100%) in Sham, OV X, and OV X ϩ eC T rats. The number of neurons examined is shown in parentheses. There was a significant facilitation of mEPSC frequency by 5-HT in the 1st phase in OVX but not in Sham rats; this enhancement was not seen after treatment with eCT (**p Ͻ 0.0001). There was no difference in the increase in mEPSC frequency in the 2nd phase between Sham, OVX, and OVX ϩ eCT rats.
ing properties of spinal cord membranes were quite different from those of cloned 5-HT 1A and 5-HT 7 receptors (expressed on CHO and Sf9 cells, respectively), whereas binding to hippocampal membranes resembled that of the 5-HT 1A receptors. These results indicate that spinal cord membranes may be endowed not only with 5-HT 1A and 5-HT 7 receptors (the former of which appears to be expressed in postsynaptic SG neurons, as described above) but also with 5-HT 1A -like receptors that bind 8-OH-DPAT in a manner insensitive to WAY100635.
We examined whether specific binding of 10 nM [ 3 H]8-OH-DPAT to spinal cord and to hippocampal membranes is quantitatively changed after the development of hyperalgesia in OVX rats and its relief by eCT administration. The presence or absence of hyperalgesia was confirmed by the tail-withdrawal test, as described previously (Shibata et al., 1998) . The density of 5-HT 1A -like receptors was estimated from the binding of 10 nM [ 3 H]8-OH-DPAT in the presence of 10 M WAY100635 (when both 5-HT 1A and 5-HT 7 receptors would have been blocked). This 5-HT 1A -like receptor density was significantly lower in the OVX group than in the Sham or the OVX ϩ eCT groups ( p Ͻ 0.014, ANOVA; p ϭ 0.031 for Sham vs OVX; p ϭ 0.028 for OVX vs OVX ϩ eCT, Scheffe's test) (Fig. 6 B, bottom panel ) . On the other hand, the density of 5-HT 1A plus 5-HT 7 receptors, which was calculated by subtracting the density of 5-HT 1A -like receptor from the total specific activity of 
DISCUSSION
The present study demonstrates that SG neurons in OVX rats lack a presynaptic 5-HT-induced inhibition of excitatory glutamatergic transmission evoked monosynaptically in SG neurons by stimulating C-afferent fibers, which is restored after chronic treatment with eCT; there is no such effect after A␦-afferent fiber stimulation. A similar loss of presynaptic inhibition by 5-HT was observed for spontaneous excitatory transmitter release. Inhibition of C-afferent eEPSCs was mimicked by 8-OH-DPAT but was not inhibited by WAY100635. This action of 8-OH-DPAT on C-fiber terminals is consistent with the observation using autoradiography that the number of [ 3 H]8-OH-DPAT binding sites in the rat spinal cord was decreased by 20 -30% after either neonatal capsaicin treatment or dorsal rhizotomy, which is known to eliminate C-fibers (Daval et al., 1987) . Furthermore, we revealed from binding studies that the binding of [ 3 H]8-OH-DPAT to spinal cord membranes, which is resistant to WAY100635, is reduced in OVX rats; this effect disappears when OVX rats are chronically treated with eCT. We showed previously that OVX rats exhibit hyperalgesia, which is alleviated by eCT administration (Shibata et al., 1998) . Furthermore, we suggested in electrophysiological studies using rats with peripheral inflammation that changes in sensory inputs to SG neurons play a critical role in the development of hyperalgesia (Nakatsuka et al., 1999 ) (see also Baba et al., 1999) . Altogether, the present results indicate that the hyperalgesia and eCT-induced antinociception may be attributed to changes in the number of 5-HT receptors involved in inhibition of the release of L-glutamate from primary afferent C-fiber terminals in the SG. This 5-HT receptor, by its resistance to WAY100635, appears to be a 5-HT 1A -like receptor that is neither the 5-HT 1A -nor the 5-HT 7 -subtype. This idea appears consistent with the observation from studies using PCR that there are no mRNAs for the 5-HT 1A receptor in rat dorsal root ganglion neurons (Pierce et al., 1996; Chen et al., 1998) . Although mRNAs for the 5-HT 7 receptor exist there, it is unlikely that this receptor is involved in the 5-HT-induced inhibition of transmitter release, because the 5-HT 7 receptor is positively coupled to adenylate cyclase, thus potentiating transmitter release (Boess and Martin, 1994) . The change in the number of 5-HT receptors demonstrated here could underlie the analgesic effects of eCT in osteoporotic pain in humans.
Although a cellular mechanism for the alteration of 5-HT 1A -like receptor expression in C-afferent terminals has not been examined here, it is possible that this is regulated by glucocorticoids. It is well established that steroid hormones, such as glucocorticoids, regulate the expression of various genes by forming a complex with their receptors, followed by binding to a particular sequence in the promoter region of genes (Beato, 1989) . Shimizu et al. (1996) have demonstrated that ovariectomy in rats results in a reduction in corticosterone levels in serum for 3 weeks. A decrease of glucocorticoid levels in OVX rats would be expected to reduce the amount of gene products, including 5-HT 1A -like receptors. Because it is known in humans that a single peripheral injection of calcitonin causes a rise in ACTH and subsequently cortisol levels in plasma for Ͼ2 hr (Laurian et al., 1986) , it may be that repetitive treatment of OVX rats with eCT results in a recovery of glucocorticoid levels, leading to a resumption of synthesis of 5-HT 1A -like receptors. This hypothesis remains to be verified. In any event, calcitonin may be an exceptional analgesic that acts by altering the density of 5-HT 1A -like receptors in C-fiber terminals innervating SG neurons. Considering that the C-fibers convey predominantly diffuse and longlasting pain sensations, the present results indicate that 5-HT 1A -like receptors may play an important role in controlling pain; identification of the 5-HT 1A -like receptor may accelerate the development of drugs that potentially affect nociceptive transmission.
